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预测解释。本论文采用组合量子力学 /分子力学方法  (combined quantum 
mechanical /molecular mechanical, QM/MM) 和分子动力学 (molecular dynamics, 
MD) 方法对两个含铁酶体系——非血红素卤化酶丁香霉素合成酶 2 (SyrB2) 
和细胞色素 P450 OleTJE的催化机制进行模拟和预测。 
 
1. 非血红素卤化酶 SyrB2 催化氯化选择性机理的 QM/MM 研究。 
卤化酶 SyrB2 能够催化连有载体蛋白的 L-苏氨酸 γ 位上的 CH 键活化并且
氯化。大多数非血红素依赖 αKG 酶是羟化酶，依赖 αKG 卤化酶不多，SyrB2
酶作为一种典型的依赖 αKG 卤化酶被实验上和理论上广泛研究。由于先前的
QM 研究所用的模型没有充分考虑酶蛋白环境卤化酶 SyrB2 催化氯化机理具有
很大的争议，因此预测机理变化多样，至今没有统一的说法。所以本论文应用
QM/MM 方法考察非血红素卤化酶 SyrB2 催化氯化选择性机理。 
SyrB2 的选择性卤化反应需要经过高价铁-端氧物种。在第三章中，我们应




决 Arg254 残基与 FeIII-OH 间的是否存在氢键相互作用。这个氢键不仅能够保
护活性中心上的羟基不与底物上的亚甲基自由基发生复合反应，而且能够促进
正铁-羟基-亚甲基自由基物种中间体的异构化，使得 Cl 原子直接指向亚甲基自
由基，从而发生氯化反应。实验上观测到另一类依赖 α-KG 的 CurA 卤化酶的
Arg247 残基突变 (R247E 和 R247A 突变) 能够导致卤化产物的消失，间接证明
了 SyrB2 中 Arg254 残基对催化选择性氯化反应的重要性。SyrB2 的 A118D 和
















随着 Arg254 残基与 FeIII-OH 间氢键相互作用的消失而消失。这部分工作提出
的新机理强调了反应中间体中蛋白质氢键相互作用的重要性。 
第四章采用 QM/MM 和 MD 方法研究 SyrB2 活化 O2 的过程。O2 活化反应
生成高价铁-端氧活性物种和 CO2 分子并且只有五重态是参与 O2 活化反应的电
子态。七重态不参与 O2 活化反应，因为它的能量随着反应坐标一直上升。三
重态 O2 活化的能垒很大以致于在生物条件下是没法进行的。O2 活化反应过程
分为两步，第一步是过氧正铁活性物种转化为正铁过酸物种和 CO2 分子，第二





2. 细胞色素 P450OleTJE催化脱羧反应的 QM/MM 研究 
细胞色素 P450OleTJE (也称 CYP152L1) 能够在 O2或者 H2O2为氧化剂的条
件下将饱和脂肪酸催化脱羧生成双键处于碳链末端的烯烃。细胞色素 P450OleTJE
能够将长链的饱和脂肪酸催化脱羧，而大多数细胞色素 P450 能够催化底物单氧
化。由于之前 QM/MM 计算没有很好的揭示 P450OleTJE催化脱羧的本质，在本







Cpd I 的情况下生成 CO2 和十九烯。其催化脱羧的机理是：FeIII(H2O2)物种通过
O-O 均裂生成 FeIV-OH∙∙∙HO•中间体，随后 HO•自由基提取底物二十酸 β 碳原子
上的氢原子，最后通过质子耦合电子转移和电子重排过程使得自由基中间体脱羧
















具有非活性构象的 FeIII(H2O2)物种通过先 O-O 均裂后 OH•提取 FeIVOH 上的
氢原子的过程生成活性物种 Cpd I。活性物种 Cpd I 的主要构像具有催化脱羧活
性。这个结论与实验上发现 Cpd I 存在的观测吻合。实验上对 P450OleTJE的研究
强调了His85残基、Arg245残基、底物在Cpd I形成和催化脱羧反应中的重要性。
QM/MM 和 MD 计算表明 Cpd I 形成和催化脱羧反应都由活性中心特定的水分子
构象决定的，而 His85 残基、Arg245 残基和底物的存在决定了这种特定的活性
水分子构象的形成。本工作提出了一种 P450 OleTJE新机理，该机理强调了活性





















Iron is the most abundant transition metal found in biological systems. 
Iron-containing enzymes are found in huge numbers and varieties in all biological 
species. Since iron-containing enzymes play key roles in metabolism for living 
organisms and the catalytic cycle of iron-containing enzymes has not been 
determined properly by experiment, an accurate and powerful theoretical simulation 
protocol is highly required in calculation. Herein, we performed QM/MM and MD 
calculation to understand and predict the mechanism of the reactions by two 
iron-containing enzymes: nonheme halogenase SyrB2 and cytochrome P450 OleTJE. 
 
Section 1. The mechanism of selective chlorination by nonheme halogense SyrB2: A 
QM/MM study. 
Unlike most αKG-dependent hydroxylases, SyrB2 employs an FeIV-oxo species 
to achieve selective halogenation. As previous QM studies did not consider the 
complete protein environment of this enzymatic reaction, we deemed it necessary to 
carry out combined quantum mechanical/molecular mechanical (QM/MM) 
calculations and molecular dynamics (MD) to thoroughly decipher the mechanism 
of halogenation/hydroxylation selectivity by SyrB2. In Chapter 3, The enzyme 
SyrB2 employs an FeIV-oxo species to achieve selective C-H halogenation of 
L-threonine. Herein, we used combined quantum mechanical/molecular mechanical 
(QM/MM) calculations and molecular dynamics (MD) simulations to decipher the 
mechanism of selective halogenation by SyrB2. Our QM/MM calculations show the 
presence of three Cl-FeIV-oxo isomers which interconvert, and only the one having 
its oxo ligand pointing to the target C-H bond is active during the hydrogen-atom 
abstraction (H-abstraction) process. The fate of the formed Cl-FeIII-OH/R• 
intermediate is determined by a hydrogen bonding interaction between the Arg254 
















OH group from participating in the followup rebound step to form a hydroxylated 
product, but also facilitates the isomerization of the Cl-FeIII-OH/R• intermediate so 
that the Cl is directed towards the alkyl radical. The role of Arg254 in regulating the 
selectivity of chlorination is further discussed and connected to the experimentally 
observed impact of mutations of Arg247 (R247E and R247A) in the related CurA 
halogenase. The A118D and A118E mutants of SyrB2 were investigated by MD 
simulations, and they were found to suppress the H-bonding interaction of Arg254 
with Cl-FeIII-OH: this result is in accord with their suppressed chlorination in the 
experimental observation. This novel mechanism highlights the role of the 
H-bonding interaction between the protein and a reaction intermediate. 
In Chapter 4, we used combined MD simulations and QM/MM calculations to 
explore the mechanism of O2 activation for SyrB2. O2 activation leads to the 
formation of FeIV-oxo species and CO2 molecule, and only the S = 2 spin-state 
contributes to O2 activation. The QM/MM energies in the septet-spin state are 
increasing continuously along the reaction coordinates and the high barriers of O2 
activation in the triplet-spin state are inaccessible under biological conditions. In the 
first step of O2 activation, the ferric-superoxo species converts into the 
ferric-preacid-CO2 species and the ferrous-peracid species is found to be the 
transition state. Then, O-O cleavage of ferric-preacid-CO2 species causes the 
FeIV-oxo formation. QM/MM calculations indicate that the six-membered ferric 
heterocyclic structure is formed by the cyclization of CO2 molecule and Cl-FeIII-OH 
species during halogenation or hydroxylation reaction. The six-membered ferric 
heterocyclic structure of halogenated or hydroxylated product is too stable to allow 
the enzyme to restore the resting state. So CO2 must be released before rebound 
reaction as a waste product to keep the resting state restored. 
 
Section 2. The mechanism of decarboxylation by cytochrome P450 OleTJE: A 
QM/MM study. 
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